Squash was first domesticated in Mexico and is now found throughout North America (NA) along with Peponapis pruinosa, a pollen specialist bee species of the squash genus Cucurbita. The origin and spread of squash cultivation is well-studied archaeologically and phylogenetically; however, no study has documented how cultivation of this or any other crop has influenced species in mutualistic interactions. We used molecular markers to reconstruct the demographic range expansion and colonization routes of P. pruinosa from its native range into temperate NA. Populations east of the Rocky Mountains expanded from the wild host plant's range in Mexico and were established by a series of founder events. Eastern North America was most likely colonized from squash bee populations in the present-day continental Midwest USA and not from routes that followed the Gulf and Atlantic coasts from Mexico. Populations of P. pruinosa west of the Rockies spread north from the warm deserts much more recently, showing two genetically differentiated populations with no admixture: one in California and the other one in eastern Great Basin. These bees have repeatedly endured severe bottlenecks as they colonized NA, following human spread of their Cucurbita pollen hosts during the Holocene.
Introduction
Among the many interesting bee-plant relationships peculiar to the Americas are those that exist between two genera of solitary bees (Peponapis and Xenoglossa) and the genus Cucurbita (squashes, gourds and pumpkins). To these bees, commonly known as squash and gourd bees, it is a relationship on which their survival depends. It also seems to be the chief parameter of their evolution.
Hurd et al. [1, pp. 218-234] .
Most populations and species distributions repeatedly expand and contract over evolutionary time [2, 3] , but how these changes affect population structure is species-specific. For example, responses to the sea-level changes and glacial extent in the last glacial maximum resulted in larger population sizes and broader distributions of cold-tolerant species such as pikas [4] , and simultaneously reduced population size to refugia in many other species [5, 6] . How species have responded to the spread of agriculture has also been complex. Pests of crops that are grown worldwide have ranges far beyond their ancestral distributions, in contrast to other species dependent on non-domesticated plants that occur in agriculturally valuable habitats that have been extirpated or diminished in population size. While domestication invariably reduces genetic variation despite great increases in population size, the population structure of the pests, & 2016 The Author(s) Published by the Royal Society. All rights reserved.
pathogens and mutualists associated with agriculturally important species do not change predictably. Reduced genetic variation found in populations of potato late blight (Phytophora infestans) in France was attributed to recent colonization from the British Isles [7] , and in the grape pest, Plasmospara viticola, from a founder event in the 1870s [8] . By contrast, the softskinned fruit pest, Drosophila suzukii, was first reported in the continental USA in 2008, but retains comparable nucleotide variation to that observed from populations near its ancestral range [9] . Common to each of the three examples above, however, is that the ancestral range is disjunct from that of the invading population, and each 'pest' species negatively impacts the fitness of their host. Here, we report on the genetic consequences to a species in a mutualistic interaction that has undergone a population range expansion into a continental region contiguous with the ancestral range. Squashes of the species Cucurbita pepo were domesticated in Central and Southern Mexico during the early-Mid Holocene (5-10 kya) near geographical centres of domestication of other important crops, including maize (Zea mays), peppers (Capsicum annuum), common beans (Phaseolus vulgaris) and cotton (Gossypium hirsutum) [10] . Early New World huntergatherers used wild Cucurbita because the relatively large and conspicuous fruits could be dried to serve as storage vessels and floats for fish nets [11] . Furthermore, the oily seeds of cucurbits are edible and nutritious, unlike the bitter and usually unpalatable fruit [12] .
Our understanding of the history of C. pepo cultivation is unusually well detailed from archaeological evidence of fossil seeds [13, 14] as well as molecular data, including chloroplast restriction fragment polymorphisms [15] , nuclear internal transcribed spacer sequences [16] , allozymes [17] and chloroplast and mitochondrial sequence data [18] [19] [20] . Domesticated cultivars of C. pepo appear to be derived from two independent domestication events, one in south central Mexico ca. 10 000 years ago that gave rise to C. pepo var. pepo (pumpkins, zucchinis and marrows) [21] , and a second ca. 5000 years ago in midwestern North America (NA; present-day western Missouri, USA) that gave rise to C. pepo var. ovifera (acorn, scallop and crookneck squashes) [22] . All species of Cucurbita are monocious, self-incompatible and bee-pollinated [1] . Therefore, the cultivation and spread of C. pepo by native American societies is intimately interwined with native pollinators. The honey bee (Apis mellifera) is the most common managed pollinator of cucurbits in NA but they were introduced to the New World by European colonists centuries later in the 1600s [23, 24] . Domesticated and wild C. pepo are visited by many bee species, most of which are pollen generalists species that collect pollen from a range of host plant species [25] . Among the common visitors are bee species of two genera, Peponapis (N ¼ 15 species) and Xenoglossa (N ¼ 7 species), which are strict pollen specialists of Cucurbita. Other than Peponapis pruinosa, the focal species of this study, all species in these two genera have modern-day distributions limited to Mexico, Central and South America [1] . Peponapis pruinosa, occurs across much of continental NA from Central Mexico to the province of Ontario, Canada and from California to the eastern seaboard (figure 1) far beyond the distribution of its wild floral host (Cucurbita foetidissima), which is restricted to the warm deserts of Mexico and the USA. Where C. foetidissima does not occur, P. pruinosa relies on domesticated host plants (mostly C. pepo but also C. moschata and C. maxima) for pollen [1, 26] . The current geographical distributions of P. pruinosa and its host plants clearly imply that this bee followed the pre-European cultivation of domesticated Cucurbita spp. and has considerably expanded its range beyond the ancestral distribution that presumably was defined by the occurrence of its native pollen host, C. foetidissima ( figure 1 ). This association with a cultivated crop has allowed P. pruinosa to attain one of the largest geographical ranges of any native bee species in NA.
In this study, we use molecular markers to infer the demographic history and details of geographical range expansion of the squash bee, P. pruinosa, across NA. Specifically, we investigated: (i) signatures of range expansion in populations sampled from across the current distribution of the squash bee; (ii) centre(s) of origin of the expansion, and (iii) possible routes of colonization into eastern NA, where this squash bee is an abundant and important pollinator of Cucurbita crops. During range expansions, repeated founder effects generate a pattern of genetic diversity that steadily decreases along the expansion axis [3] . We thus expected a pattern wherein the centre of origin of the expansion maintains the highest genetic diversity among populations, and genetic diversity decreases in populations at greater distance from the centre of origin. To test this hypothesis, we used microsatellite markers and coalescent simulations to estimate levels of genetic diversity and demographic parameters (e.g. changes in population size). Using information from the archaeological record of C. pepo, we tested three alternative scenarios for the routes of colonization of P. pruinosa into the northeast of the USA: (i) a range expansion that initiated 10 000 years ago after the C. pepo v. pepo domestication event in Mexico, and accompanied the spread of cultivated cucurbits along the east coast by Native Americans [27] ; (ii) a range expansion that initiated after the widespread cultivation of the second domesticated lineage of C. pepo v. ovifera in the Midwest ca. 5000 years ago [22] ; and (iii) a scenario where the colonization of the northeast of the USA occurred from bee populations expanding through both the east coast and the Midwest (figure 2).
These data are also used to investigate if the geographical range expansion of P. pruinosa has led to populations with [28] , but there are few empirical data on how genetic bottlenecks affect bee populations [29] . Theory predicts that the haplodiploid sex determination system of bees increases their vulnerability to inbreeding [30] . Thus, we also measured the frequency of diploid males in populations to estimate risk of inbreeding depression throughout the range of P. pruinosa and assess the demographic stability of this important crop pollinator.
Our results support the view that (i) the geographical range expansion of P. pruinosa originated in Mexico, (ii) eastern NA was colonized through the continental Midwest, most likely after the second squash domestication event, and (iii) P. pruinosa is capable of thriving despite the greatly impoverished genetic diversity that has accompanied its rapid population expansion.
Material and methods (a) Sampling
We collected 942 individuals of P. pruniosa (438 males and 504 females) from 22 populations in Mexico, the USA and eastern Canada (figure 1). All specimens were collected from flowers of cultivated Cucurbita plants except samples from Douglas, AZ that were collected from C. foetidissima flowers. Individuals were stored in 95% ethanol to preserve DNA for molecular analyses.
(b) Microsatellite development and variability
Microsatellites are hypervariable markers that are widespread across the genome, making them highly informative for studies of recent population demography [31] . Species that show limited genetic variability with allozymes and DNA sequence data often reveal more genetic variability with microsatellites [32] . We built genomic libraries enriched for microsatellites and used two different methods for microsatellite discovery: cloning and pyrosequencing (see methods in [33] ). We designed primers for 24 DNA sequences, six of these primer pairs did not produce detectable PCR products and 12 were monomorphic. The remaining six variable microsatellite loci were used in this study (electronic supplementary material, table S1).
(c) Genetic diversity
We assessed population genetic diversity estimates as allele richness (A r ), expected heterozygosity (H e ) and Shannon diversity index (H 0 ), standardizing for unequal sample sizes using MSA v. 4.05 [34] . We analysed both males and females in the same dataset treating haploid males as inbred genotypes. We visualized geographical patterns of genetic diversity by spatially interpolating A r , H e and H' using a thin plate spline as implemented in the R package 'fields' [35] . To test for a linear relationship between genetic diversity and geographical distance, we regressed population genetic diversity estimates onto the linear geographical distance of all populations from the areas with highest genetic diversity using the R function 'lm'. Euclidean distances between sampling locations were calculated according to the Earth's surface model implemented in the R package 'fields' [35] . Because the presence of diploid males indicates inbreeding and low levels of genetic variation in haplodiploid species [30] , the frequency of diploid males (f ) was calculated for populations where males were sampled [36] .
(d) Population structure
Population differentiation was estimated using Nei's G ST in the software MSA v. 4.05 [34] . To identify genetic clusters in our data, we used the discriminant analysis of principal components (DAPC) implemented in the package ADEGENET v. 1.3-9.2 for R [37] . We performed the DAPC analysis using the number of sampled populations as the prior representing the maximum number of possible clusters. DAPC is a multivariate approach that identifies clusters of genetically related organisms by partitioning genetic variability into clusters that maximize between-group and minimize within-group differentiation. This multivariate approach does not assume Hardy-Weinberg equilibrium, making it an ideal clustering algorithm for datasets where this assumption is violated. Because individual membership probability changes with the number of PCA axes retained, we used the alpha score function to choose the optimal number of principal components for the analysis of our dataset [37] .
(e) Demographic parameter estimation
We used the coalescent-based approach incorporated in MSVAR to estimate demographic parameters of change in effective population sizes for populations of P. pruinosa across NA. Wide uniform priors were chosen for all parameters (electronic supplementary material, rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160443 parameter estimates from each run among different populations. We assumed a linear change in population size and a stepwise mutation model for microsatellite evolution. We independently analysed each population where we sampled more than 30 haploid chromosome sets using the same priors to compare relative values of the estimated demographic parameters. For each dataset, we ran four independent chains of 10 8 generations, sampling parameter values every 10 3 generations. For several populations, we ran longer chains of 10 9 generations to reach convergence. Sampling parameter values were recorded every 2500 generations. The first 10% of the generations of all chains were discarded as burn-in. We analysed MSVAR outputs using the R packages 'locfit', 'coda' and 'runjags' [38 -40] . For parameter estimation, we combined all chains that reached convergence based on the 'Gelman & Rubin diagnostic' to obtain the mode and 90% highest probability density (90%HPD) limits for each parameter.
(f ) Reconstruction of colonization history
We tested different hypotheses about the colonization of P. pruinosa from Mexico across NA using an approximate Bayesian computation (ABC) framework in the software DIYABC v. 2.1.0 [41, 42] . The DAPC analysis (see Results) indicated populations from California, Idaho and Utah were highly divergent from populations east of the Rocky Mountains. We therefore excluded these populations from the ABC analysis so we could specifically test three demographic scenarios for how P. pruinosa reached eastern NA from northern Mexico: (i) southerly range extension along the Gulf coastal plains and/or Piedmont from Mexico to the eastern seaboard (figure 2a); (ii) passage through the Great Plains (Midwest) then eastward to the Atlantic seaboard (Midwest hypothesis), (figure 2b) or (iii) the joint invasion from the eastern seaboard and the Great Plains (figure 2c). We assumed a generalized stepwise mutation model to simulate mutations at microsatellite loci [43] . The mean mutation rate (m) was drawn from a broad, uniform prior distribution ranging from 10 25 to 10
23
. To differentiate between the three possible scenarios of colonization to the eastern part of NA, priors for the demographic parameter time since the population started diverging (t a ) were defined based on information from the archaeological evidence of domestication of C. pepo and results from the MSVAR analysis. For each scenario, we simulated 3 Â 10 6 datasets. Within populations, we compared the summary statistics: mean number of alleles per locus (N A ), and mean expected heterozygosity (H E ). Between populations, we compared N A , H E , F ST and shared allele distance (D SA ). The posterior probability of each competing scenario was estimated using a logistic regression on 10 4 simulated datasets. To assess the effect of single loci on the reconstruction of the colonization history P. pruinosa, we reran the ABC analysis removing one locus at the time. We chose the best scenario based on the highest significant probability values with non-overlapping 95% confidence intervals. We tested the performance of the best demographic scenario by reproducing the observed data with 3 Â 10 5 pseudo-replications and using the model checking procedure implemented in DIYABC v. 2.1.0 [41] .
Results (a) Genetic diversity summary statistics
Electronic supplementary material, table S1 summarizes information on the six nuclear microsatellite loci analysed. Mean expected heterozygosity (H e ) was 0.374 (min ¼ 0.049; max ¼ 0.584) and mean number of alleles (N a ) was 9.67 (min ¼ 7; max ¼ 14). Out of the 138 possible populationlocus combinations, 19 Hardy-Weinberg tests could not be calculated because of the presence of one fixed allele. Forty-nine of the remaining tests showed G IS negative values significantly different from zero, indicating deviations from HardyWeinberg equilibrium due to heterozygote excess. In the population from Mexico, all loci were at Hardy-Weinberg equilibrium ( p ¼ 0.0001) and no diploid males were found. We did find diploid males in five populations: one each in Utah (f ¼ 0.026), Mississippi (f ¼ 0.037), New York (f ¼ 0.012), two in Vermont (f ¼ 0.091) and seven in California (f ¼ 0.053).
(b) Signatures of range expansion and centre of origin
The distribution of genetic diversity across the geographical range of P. pruinosa supports a demographic scenario of spatial range expansion with a clear pattern of decreasing genetic diversity towards the species' northernmost presentday limits (electronic supplementary material, figure S1a,b). Squash bee populations that co-occur with wild C. foetidissima populations are more genetically diverse than populations on the Atlantic and Pacific coasts where Cucurbita is only represented by cultivated squashes and pumpkins (figure 3). Populations of P. pruinosa from warm and arid Mexico, Arizona and western Texas had the greatest genetic diversity of the sites we sampled (electronic supplementary material, 
(c) Population structure and clustering
We found significant overall population structure across all populations (G ST ¼ 0.366). Multivariate genetic analyses show that populations from west of the Rocky Mountains (California, Idaho and Utah) are genetically distinct from all other populations (figure 4). Unlike populations east of the Rocky Mountains, the high membership probabilities for individuals from California and Idaho þ Utah, suggest that each of these populations has a distinct genetic composition, the colonization of these two areas is recent, and there is little or no admixture among them and populations east of the Rocky Mountains ( figure 4) . Individuals from the geographical area where the wild host plant and P. pruinosa are co-distributed show a distinct genetic composition, but the proportion of admixture increased with increasing latitude (from Mexico to Colorado; electronic supplementary material, figure S3 ).
(d) Demographic parameters and routes of colonization
We used a coalescent approach to investigate the magnitude of the major and most recent demographic change in P. pruinosa populations by estimating the relative difference in effective population size between the current (N 0 ) and ancestral populations (N 1 ). All coalescent simulations included in our parameter estimation converged, as indicated by the GelmanRubin convergence statistic (less than 1.1). Furthermore, all rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160443 independent chains provided consistent marginal posterior probability distribution (electronic supplementary material, figure S4 ). Comparisons between current and ancestral population sizes show reductions in population size that varied between two-and eightfold on a log scale (table 1). Estimated times of the drastic reductions in population sizes were highly dependent on the priors we set for each analysis and are not reported.
We compared the three models of colonization route followed by P. pruinosa to the northern part of the Atlantic coast, one along the Gulf coast, the second one through the Midwest and the third scenario assuming an admixed migration from the Atlantic coast and the Midwest (figure 2). The ABC analysis strongly supported the hypothesis that P. pruinosa colonized the east coast of NA after the second domestication event of C. pepo that approximately occurred 5000 ya in the present-day midwestwern USA (0.643, CI (0.607-0.678); table 2). The Midwest hypothesis was consistently supported by all analyses after removing a single locus from the dataset (electronic supplementary material, table S4). Evaluation of the performance of each model agrees with these results. We simulated 500 random pseudo-replicates under each scenario. Twenty per cent failed to display the higher posterior probability of better-supported scenario (type I error); statistical power was on average 81% (1 2 b [type II error]). This evaluation of model choice shows that, given the polymorphism of the markers and the sample sizes of our dataset, this procedure was consistent and powerful in differentiating between the three competing colonization route hypotheses that we tested.
Discussion
Our results strongly support the hypothesis that the current distribution of the squash bee, P. pruinosa, is the result of a massive spatial range expansion from Mesoamerica into the temperate regions of NA. To the best of our knowledge, this is the first study to infer an effect of plant domestication and cultivation by early human societies on the demographic history of a pollinating species. Specialist insect pests have invaded NA from Mesoamerica following the spread of cultivated plants (e.g. boll weevil and cotton) [44] , and many others have spread along with their host plant and silviculture rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160443 [45] . Remarkably, our study represents the only known case of a specialist pollinator expanding along with the spread of a domesticated plant after first cultivation. Other animalpollinated North American plants that have been domesticated either are still grown largely in their native range (low blueberries) or have been spread widely for cultivation in recent time, but not accompanied by the specialist component of their pollinator guild [46, 47] . All other examples of pollinators moving outside their native ranges represent either intentional human introductions [48, 49] , inadvertent transoceanic transport [29, 50, 51] or response to recent climate change [52] . By contrast, our study shows that this specialist pollinator naturally followed the spread of its cultivated host plant.
Gulf of Mexico
The DAPC analysis revealed three genetic clusters of P. pruinosa: one in California, one grouping populations from Utah þ Idaho (Intermountain West) and a more genetically heterogeneous group comprising all populations from the Rockies east to the Atlantic coast. The lack of genetic diversity in California and Utah þ Idaho populations implies that these geographical areas were independently and recently colonized by P. pruinosa after a severe bottleneck. Furthermore, the lack of evidence for admixture indicates that these three genetic clusters remain isolated and migration between these areas does not occur or is exceedingly rare. Unlike the colonized areas east of the Rocky Mountains, dispersal into western NA was through corridors among tall mountain ranges. In the Middle Holocene, during a climatic period marked by warmer, wetter summers, Fremont peoples grew squash, beans and corn north into central Utah (eastern Great Basin) and the northern Colorado Plateau [53] . Their agriculture disappeared from the Intermountain West around 1350. Five centuries later, squash cultivation resumed in the Intermountain West, this time grown by European settlers [54] . Cultivated squash in homestead gardens likely provided the string of floral 'stepping-stones' that facilitated northward dispersal of P. pruinosa from its native range shared with C. foetidissima, probably the Four Corners Region in southeastern Utah. In California, there is no archaeological evidence of squash cultivation. However, both P. pruinosa and another squash bee, Xenoglossa angustior, as well as their shared wild host C. foetidissima, are found today in California's Central Valley [55] . This implies that the occurrence of P. pruinosa in California is the result of a long-distance dispersal event either in the recent past after cultivation became widespread, or after C. foetidissima became established. The shortest distance from source populations of P. pruinosa in the Mojave Desert to the Central Valley would be through Tehachapi Pass. A chance long-distance dispersal event is consistent with the remarkable genetic uniformity of P. pruinosa in California, and we predict a similar pattern of low genetic diversity will be found in sympatric populations of X. angustior.
A surprising finding is the low genetic diversity and small current effective population sizes of P. pruinosa outside the range of its wild Cucurbita host plant. This pattern suggests that the spatial expansion of P. pruinosa has not been followed by demographic expansions, as is usually observed among p , 0.01 1 0 0 p , 0.001 0 0 0 a The median and 95% confidence intervals of the posterior probability indicate the revised probability distribution of each scenario after taking into consideration the prior information of the model. Model performance of best scenario. Type I error indicates the probability with which the best model is rejected. Type II error indicates the probability of deciding for best scenario when it is not true. c The number of summary statistics significantly different than the observed data. These statistics were used to discriminate between competing scenarios. rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160443 pest and pathogenic species of crops that spread with cultivation [7, 8] . Demographic parameters estimated with coalescent analyses detected smaller present than ancestral effective populations sizes across the distribution of P. pruinosa. Preliminary results with mitochondrial DNA sequence data and genome-wide SNP markers corroborate these findings (MM Ló pez-Uribe 2013, unpublished data). Thus, effective population sizes are unexpectedly small, a counterintuitive finding based on frequent estimates of hundreds to thousands of P. pruinosa in local populations surveyed in squashes and pumpkins across NA (JH Cane 2004-2015, unpublished data). Low levels of genetic variability and unbalanced allele frequency spectra at the periphery of a species' geographical range are expected under a demographic model of consecutive bottlenecks after a range expansion [56] . However, we detected these signatures in populations from the ancestral range and periphery of the present-day distribution of P. pruinosa, suggesting that other factors may be driving the apparent low effective population sizes in this wild pollinator species. We hypothesize that this is a result of this specialist bees' reliance on cultivated Cucurbita throughout most of its current distribution, and that P. pruinosa populations are subject to sometimes frequent disturbance, such as deep tillage (which disrupts nest sites), widely spaced crop rotation, misapplied insecticides and local gardening decisions [25] . Therefore, the demographic instability of P. pruinosa populations in NA may result from ongoing extinction-colonization dynamics driven by recent farming and gardening practices. An alternative explanation is that our findings are the result of an artefact due to violations to the assumptions of the model used in MSVAR (e.g. microsatellite mutation model or complex demographic scenarios). However, simulation studies have demonstrated that MSVAR is based on a robust coalescent approach that efficiently detects both signatures of expansion and decline using microsatellite markers [57] .
Despite severe reductions in genetic variability, diploid males were rare (seven individuals in five populations; f ¼ 0.012-0.091), which raises the possibility that P. pruinosa may possess mechanisms to avoid or reduce high frequencies of diploid males despite genetic impoverishment (e.g. strong balancing selection). In haplodiploid insects, sterile diploid males are produced when fertilized eggs are homozygous at the single complementary sex determination (csd) locus [30] . Low genetic variability and small effective population sizes increase homozygosity at the population level, leading to increased production of diploid males in insects with csd and inbreeding depression [58] . Further work on this problem is needed. For now, mechanisms by which P. pruinosa and other bee species avoid diploid male production remain speculative. Lasioglossum leucozonium, an invasive bee species from Europe, is currently widespread in NA and also experienced a severe bottleneck upon colonization in NA [29] . Populations of L. leucozonium and P. pruinosa in NA suggest that solitary bees can be effective colonizers of new areas despite severe founder events. However, we cannot assert the ubiquity of this pattern based on just two species. Levels of genetic variability in other successful exotic bee species (e.g. Anthidium manicatum [59] , Anthophora plumipes [60] , Megachile sculpturalis [61] , Megachile rotundata [62] and Osmia cornifrons [63]) should be investigated.
Our study reveals previously unknown details about the geographical expansion of P. pruinosa in NA, a specialist bee of an economically important and widespread crop [64, 65] . These results strongly support the hypothesis that P. pruinosa colonized eastern NA after C. pepo was domesticated the second time [22] , a finding first proposed based on wing morphometrics [66] . We also show that some bee species can be resilient to the negative effects of low genetic variability. Peponapis pruinosa has successfully undergone a massive range expansion in spite of severe and repeated bottlenecks [67] . The extent of this pattern in bees deserves further attention, as does understanding the mechanisms by which they avoid inbreeding depression. Such information has important management implications, including reintroducing native bee populations where habitat loss and intense agricultural systems have extinguished elements of the native bee community.
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